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Abstract 
The hypersonic quiet nozzle has to be carefully designed by the aerodynamic techniques to obtain the quiet-flow test region with 
low noise levels comparable to flight. Two conceptual aerodynamic techniques to laminarize the nozzle wall boundary layer in 
the past quiet nozzle design, such as the use of the slower expansion nozzle and the bleed slot in the subsonic region upstream of 
the throat, are summarized. For the design of the expansion contour of quiet nozzles, the analysis based on the favorable pressure 
gradient effect is performed and relative results seem to be helpful to theoretically understand the quiet nozzle’s evolution from 
rapid expansion to slow expansion. On the other hand, the bleed slot for the suction of the subsonic boundary layer in the 
contraction is also required to be analyzed in details. The distance from lip to throat and the maximum width of bleed slot could 
affect the suction of the slot to the boundary layer by changing the separation location and would be also analyzed. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
It is the hypersonic wind tunnel with very low disturbance, which is named as quiet tunnel, is required to simulate 
the background noise in the real high-speed flight, because the experimental prediction on the boundary layer 
transition for the configuration design of many hypersonic vehicles, such as NASP, X-43A, X-51A, HTV-2 and so 
on, could be seriously affected by the free stream noise of the conventional tunnel or shock tunnel, which is often 1 
to 2 order of magnitude higher than the noise level of the flight [1]. In quiet tunnels, the quiet nozzle is the core part 
to obtain the quiet-flow test region and different from the conventional hypersonic nozzle, the boundary layer on the 
 
 
* Corresponding author. Tel.: 086-010-68743513; . 
E-mail address: lirq995688@126.com 
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA)
1626   Ruiqu Li et al. /  Procedia Engineering  99 ( 2015 )  1625 – 1629 
wall of the quiet nozzle has to be laminar due to the interference of the acoustic-wave noises radiated from the 
eddies in the turbulent boundary layer. To laminarize the boundary layer of the nozzle, two conceptual aerodynamic 
techniques are used in the design, one is the optimization of the expansion contour and the other is the use of the 
bleed slot. 
A larger MEA (Maximum Expansion Angle) concept was employed in the early design of quiet nozzle [2]. In the 
early 1970s, a Ma-5 quiet nozzle [3] with MEA of 22.6º was preliminarily developed for a pilot tunnel in NASA 
LaRC (Langley Research Center). From late 1970s to 1980s, a Mach-3.5 2-D quiet nozzle [4] was built up with its 
MEA of upper contour was 28.75º. In the early 1990s, a Mach 6 quiet nozzle [5] with MEA of 9.84º, was developed 
in NASA LaRC. In 1990s, a slower expansion Ma-6 quiet nozzle with MEA of 4º was designed by Schneider in 
Purdue University [6]. A Mach-6 quiet nozzle with MEA of 15º was developed by Zhou Yongwei et al. in 2011 [7].  
The trend from fast to slow expansion in the design of the quiet nozzle is briefly reviewed by Schneider and 
implies that the relationship between those three instabilities in the boundary layer of the quiet nozzle, such as T-S 
wave instability, Görtler vortex instability and Cross flow instability [1], is required to be deeply understood. It was 
discussed by Beckwith [8] that the Görtler vortex instability in an axisymmetric contoured nozzle is the main 
instability with Mach number over 2.5, and it could be efficiently retarded by slow expansion. It was also suggested 
that favorable pressure gradient effect could be considered in the analysis of nozzle boundary layer stability. 
In the design of Mach 6 quiet nozzle by Schneider, quiet flow condition could be both satisfied for two nozzles 
(one has the exit diameter of 240 mm and length of 2.56 m, while the other one has the exit diameter of 600 mm and 
length of 10.36 m) with MEA of 4º, using eN transition estimation at a certain unit Reynolds number [9]. However, 
the results of this semi-theoretic method are required to be calibrated in wind tunnel tests. Thus, a concept of FPG 
(Favorable Pressure Gradient) effect is introduced to study the influence of MEA to the nozzle flow. 
The earliest investigation on the bleed slot of the hypersonic quiet nozzle was pursued by Klebanoff et al. [10] in 
1961. The aim is to maintain laminar flow along the walls and thus eliminate the source of the disturbances entirely. 
It was unfortunate that the efforts of Klebanoff et al. [11] is unsuccessful, whereas the concept of a lateral suction 
slot in the subsonic region upstream of the throat was inherited by subsequent researchers of the quiet tunnel, such as 
Kendall [12,13], Beckwith [2], Anders [14], Beckwith et al. [15,16], Schneider [6], Taskinoglu et al. [17], Aradag et 
al. [18]. In 2008, Schneider [1] summarized the development of hypersonic quiet tunnels and concluded that all 
successful hypersonic quiet tunnels have used bleed slots upstream of the throat to remove streamwise vorticity that 
may be generated in the contraction-wall boundary layer.  
Up to now, there are two types of bleed slots. The Langley-type slot is applied to the fabrication of quiet tunnels 
in NASA LaRC [8] and Peking University [7]. And the Purdue-type slot [19] is used in the design of the BAM6QT. 
Compared with the Purdue-type slot with the lip’s upper side of horizontal line, the Langley-type slot has more 
complex configuration, and is injured by the free stream more easily and is more difficult to machining, install and 
maintain. Thus, based on the Purdue-type bleed slot, some relative parameters, such as the DLT (Distance from lip 
to throat) and the WS (width of slot), are analyzed. 
2. Optimization of MEA based on FPG effect 
The contours of axial symmetric nozzles with seven different MEAs are designed to study the effect of MEA on 
the flow field. The MEA is selected from 3º to 15º. All the nozzles have the same exit diameter of 300 mm and 
Mach number of 6. Based on the sivells method of the axisymmetric nozzle and boundary layer correction by 
Karmen momentum equation, the expansion section length of those nozzles could be estimated and shown in figure 
1(a). It is clear that the length of expansion section increases with the decrease of MEA. 
Figure 1(a) only describes the relationship between the length of expansion section and MEA discretely, and a 
function in the form of Ltgθ could be introduced to demonstrate that in Figure 1(b). From the fitted line, it is noted 
that Ltgθ is linear to the MEA θ. The function can be described as: 
       Ltg k bT  T                                                                                                                               (1) 
where, k and b are coefficients of the equation. 
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Fig. 1. (a) the influence of MEA to the length of expansion section (L); (b) the function of Ltgθ vs MEA. 
Substituting the data into the equation (1), the coefficients could be determined as the following: 
       Ltg 15.326 158.734T  T                                                                                                                        (2) 
The relationship between the length of expansion section and MEA is defined by that equation. Thus, in the 
design of nozzle contour, one of those two parameters can be estimated by this equation when the other is given. 
Otherwise, for a nozzle with a large length, it will lead to two troubles: one is the increased difficulty in the 
machining of the inner surface and the other is the easier transition in the boundary layer on the nozzle wall cause by 
T-S instability. Therefore, the value of MEA should not be selected too small. 
 
Fig. 2. The distribution of pressure gradient on the nozzle wall for various MEA. 
The distribution of pressure gradients along the nozzle inner wall could be calculated and those curves around the 
throat are shown in figure 2. For all the nozzles with different MEAs, the peak values of pressure gradients are 
reached in the range about 3-5 mm downstream from throat. The absolute value of peak pressure gradient decreases 
with MEAs, and it implies that the change of wall pressure becomes mitigated. Because it is the wall with convex 
curvature for the inner flow near the throat in the nozzle, the low favorable pressure gradient drives flow moving 
downstream steady rather than rapid expansion which would lead to be more instable in the nozzle flow.  
From above two views, it could be concluded the MEA of the quiet nozzle should have an optimal value with the 
reasonable range of 4º - 6º. 
3. Optimization of DLT and WS of the bleed slot 
The function of the bleed slot is to remove the disturbances from the contraction and could be divided into strong, 
weak and moderate suction (shown in fig. 3 respectively from left to right). The strong suction will induce the 
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separation region at the outer wall of the slot to reduce the running time of the tunnel and the real free stream 
parameters such as unit Reynolds number. The weak suction will induce the separation region at the inner wall of 
the slot to bring new disturbances into the flow so that the aim of the bleed slot could not be satisfied. Thus, the 
values of DLT and WS are required to be carefully selected to adapt the intensity of suction to be moderate. 

Fig. 3. The influences of the suction intensity of the bleed slot to the flow field around the lip. 
Based on two parameters of DLT and WS, the flow field of 20 suits of conditions could be calculated and 
analyzed. DLT is selected as 10 mm, 25 mm, 40 mm, 60 mm and 100 mm. WS is 0.731 mm, 1.575 mm, 3.708 mm 
and 5.817mm. Laminar AUSM model is used in the numerical calculation of the flow field. The wall condition is 
assumed as adiabatic and non slippage. The equations are solved by second-order upwind and coupling implicit 
scheme. The computational region of the flow field in the quiet nozzle is composed of 9 blocks with the height of 
first-level grid around the lip of 0.05 mm and with the stretching ratio of 1.1. 
The influence of various DLT and WS to the location of the stagnation point at the lip is shown in figure 4. Here, 
y is defined as the vertical distance from the leading edge of the lip to the stagnation point. When y > 0, the 
intensity of suction is weak suction; y < 0ˈit is strong suction andy = 0 means moderate suction. In figure 4, 
two results could be seen. One is when DLT is selected as the range of 25 mm to 40 mm, the intensity of suction is 
almost moderate. The other is when DLT is given, with the increase of the width of the slot, the stagnation point 
moves from the upper side to the lower side of the leading edge of the lip, and the intensity of suction is also 
stronger. So when the DLT is selected as the region from 20 mm to 40 mm in previous chapter, the most appropriate 
value of WS is 3.708 mm. 
 
Fig. 4. Influence of the various DLT and WS to the stagnation point. (‘x_step’ = DLT, ‘min’ = WS) 
4. Conclusion 
With the development of the quiet nozzle, a slow expansion section with a lower MEA and a bleed slot with 
appropriate DLT and WS are required to obtain the quiet-flow test region. For the expansion section of the quiet 
nozzle, MEA should be decrease, but a too low value of MEA could lead to extremely long nozzle, which needs to 
be divided into more sections. For example, the quiet nozzle of BAM6QT is 2.56 m long and consists of 8 sections. 
Then, more difficulties would be encountered for the requirement of low roughness and smooth joint in machining. 
Thus, MEA should be neither too large nor too small, and there should be an optimal value. Based on the discussion 
above, the range of optimal MEA may be about 4º–6º.  
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The requirement of the quiet-flow test region in the quiet tunnel is seriously relied on the control of the boundary 
layer on the nozzle wall by the use of the bleed slot settled near the upstream of the throat. Two kinds of bleed slot 
are briefly introduced, and the Purdue-type bleed slot with simpler configuration is more suited for us to machining, 
install and maintain. The main parameters of the bleed slot mainly include the distance from the lip to the throat 
(DLT) and the width of the slot (WS). The influence of those two parameters to the flow field around the lip of the 
Purdue-type slot is numerically analyzed. The calculation results show that the stagnation point will be changed with 
those two parameters. When WS is fixed, with the increase of DLT, the intensity of suction becomes stronger, and 
when DLT is fixed, with the increase of WS, the intensity of suction also becomes stronger. The optimal value of 
DLT is from 25 mm to 40 mm, and the corresponding value of WS is 3.708 mm. 
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